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In  this  paper  we  develop  scanning  thermoelectric  microscopy  (STeM)  on  the  basis  of  commercial  atomic 
force  microscope.  The  nanoscale  thermoelectric  behaviors  of  (Bi,Sb)2Te3  (BST)  thin  films  were  studied. 
3&>-technique  was  used  for  thermal  conductivity  imaging  and  quantitative  thermal  characterization.  By 
acquiring  the  unique  Seebeck  information  from  2 oo  frequency  component,  nanoscale  thermoelectric 
images  were  firstly  obtained,  exhibiting  remarkably  inhomogeneous  distribution  of  local  Seebeck  coef¬ 
ficient  in  the  thin  films.  Positive  thermoelectric  response  is  revealed  by  the  modulation  of  temperature 
difference  between  thermal  tip  and  sample,  corresponding  to  p-type  conduction  within  BST  sample. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  films  have  received  increasing  interests  due  to 
their  application  potential  on  electronic  devices  in  the  micro¬ 
heating  and  cooling  areas  in  the  past  decade.  Lots  of  investigations 
have  been  performed  to  explore  the  corresponding  thermoelectric 
properties  and  the  way  to  enhance  the  thermoelectric  properties 
of  the  thermoelectric  films  prepared  by  different  methods  [1-5].  In 
thermoelectric  materials,  the  thermoelectric  figure  of  merit  ZT 
which  is  the  only  criterion  to  estimate  thermoelectric  energy 
conversion  efficiency,  is  defined  as  ZT = a2  gT/k,  here  a,  a,  T  and  k 
are  the  Seebeck  coefficient,  electrical  conductivity,  thermal  con¬ 
ductivity,  and  absolute  temperature,  respectively.  In  recent  years, 
tremendous  efforts  have  been  devoted  to  unveiling  the  approach 
of  qualitative  and  quantitative  characterization  on  thermoelectric 
materials,  including  a,  er,  k  with  the  resolution  of  micrometer  even 
sub-micrometer  scale  [6-12].  Since  nanostructured  thin  films  have 
emerged  as  a  promising  candidate  owing  to  their  unique  ad¬ 
vantages  of  enhancing  ZT  via  decreasing  local  thermal  con¬ 
ductivity,  studying  the  thermoelectric  effects  and  properties  of  low 
dimensions  and  local  structures  is  critical  for  the  performance 
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assessment  and  device  exploitation  for  thermoelectric  materials. 
Nevertheless,  the  investigations  of  nanoscale  thermoelectric 
characteristics  are  still  insufficient,  and  the  non-destructive  high 
resolution  imaging  of  distribution  with  respect  to  local  Seebeck 
coefficient  has  been  rarely  reported. 

Scanning  probe  techniques  provides  a  non-destructive,  ultra- 
high  resolution  tool  to  visualize  nanoscale  structures  and  to 
evaluate  local  physical  properties.  In  the  past  few  decades,  su¬ 
perfine  thermal  probes  with  thermocouples  at  the  end  of  metallic 
wire  have  been  adopted  to  profile  local  temperature  and  thermal 
properties  [13].  Development  of  scanning  probe  microscope  (SPM) 
and  scanning  tunnel  microscope  (STM)  facilitate  nanoscale  quan¬ 
titative  measurement  of  the  Seebeck  voltage  of  p-n  junction  in 
semiconductor  materials  and  nanostructures  in  thermoelectric 
bulk  samples  generated  by  nano-thermometers[14].  Very  recently, 
investigations  have  been  performed  to  quantitatively  determine 
thermal  conductivity  and  Seebeck  coefficient  simultaneously  by  a 
microprobe  technique  in  which  an  alternative  current  joule-he¬ 
ated  V-shaped  microwire  has  been  used  as  heater,  thermometer 
and  voltage  electrode  [12].  However,  for  further  application  it  is 
still  necessary  to  understand  local  thermoelectric  effect  of  na¬ 
nostructured  thermoelectric  materials.  Especially,  high  resolution 
imaging  of  local  thermoelectric  effect  has  never  been  reported.  In 
this  work,  scanning  thermoelectric  microscope  (STeM)  based  on 
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commercial  SPM  was  developed  and  the  locally  thermoelectric 
properties  and  effects  of  (Bi,Sb)2Te3  (BST)  films  were  studied. 


2.  Experiment 

(Bi,Sb)2Te3  thin  films  were  fabricated  using  a  magnetron  co¬ 
sputtering  system  with  base  pressure  lower  than  1.0  x  10“ 4  Pa. 
High-purity  (99.99%)  bismuth,  antimony,  and  tellurium  targets 
with  diameter  of  3  in.  were  used  as  source  materials.  Bismuth  and 
antimony  targets  were  each  connected  to  a  direct-current  (DC) 
power  supply,  and  the  tellurium  target  was  connected  to  a 
radiofrequency  (RF)  power  supplier.  All  films  were  deposited  at 
room  temperature  on  silicon  (001)  substrates  with  300  nm  ther¬ 
mally  grown  oxide  layer  and  300  nm  nitride  layer  grown  by 
plasma-enhanced  chemical  vapor  deposition  (PECVD).  The  dis¬ 
tance  between  the  targets  and  the  substrate  was  kept  at  65  mm, 
and  substrates  were  rotated  at  22  rpm  for  uniform  film  deposition. 
The  DC  power  was  set  to  6  W  for  Bi  and  12  W  for  Sb,  and  the  RF 
power  was  set  to  62  W  for  Te.  The  working  pressure  was  set  at 
0.3  Pa,  flowing  50  seem  Ar  as  sputtering  gas.  The  thermal  treat¬ 
ment  of  the  samples  was  performed  in  a  vacuum  annealing  fur¬ 
nace  with  base  pressure  lower  than  1.0  Pa.  The  samples  were  an¬ 
nealed  with  a  heating  rate  of  10  K/min  under  Ar  atmosphere  at 
pressure  of  about  1.0  x  10-4  Pa  and  maintained  for  4  h  at  150  °C. 
Then  the  sample  was  cooled  down  without  forced  cooling. 

STeM  was  set  up  on  a  conventional  scanning  probe  microscope 
(SPA  400,  SPI3800N,  Seiko  Inc.  Japan),  as  shown  in  Fig.  1.  In  STeM,  a 
resistive  thermal  element  is  adopted,  consisting  of  a  bent  filament 
(5  pm  diameter)  of  platinum/10%  rhodium  surrounded  by  a  thick 
silver  cladding  of  75  |im  diameter.  The  contact  area  between 
sample  and  probe  has  been  determined  to  be  30  nm  [15].  The 
resistive  probe  is  heated  up  periodically  by  a  large  current  from  an 
external  functional  generator  (331 20A,  Agilent  Inc.).  In  this  case,  a 
temperature  modulation  occurs  within  the  tip  and  the  probe  in¬ 
duces  thermal  waves  into  the  sample.  Heat  flows  from  the  tip  to 
the  sample  and  the  probe  acts  as  a  heater.  As  the  heated  tip  makes 
a  nanoscale  contact  with  the  sample,  a  localized  temperature 
gradient  is  created  in  the  sample  near  the  contact  point.  The  fre¬ 
quency  multiplier  will  multiply  the  modulation  frequency  from 
the  signal  generator  to  the  reference  frequency  of  2 go  and/or  3 go 
and  acts  as  the  reference  to  the  lock-in  amplifier  (Model  7280  DSP, 
signal  recovery  instrumentation).  Additionally,  the  direct  electric 
signal  from  the  film  is  recorded  by  digital  multi-meter  (Tektronix 
DMM  4050),  reflecting  local  thermoelectric  effect  quantitatively. 


Fig.  2.  Topography  image  (a)  and  its  in-situ  thermal  image  (b)  of  BST  sample, 
(c)  The  3<w-output  voltage  signal  of  the  Wheatstone  bridge  as  a  function  of  thermal 
excitation  frequency  for  BST  film  (■),  glass-I  (  • ),  glass-II  (^). 

3.  Results  and  discussion 


Firstly,  the  qualitative  and  quantitative  investigation  of  local 
thermal  conductivity  were  performed  on  the  basis  of  3cu-techni- 
que  [16].  Fig.  2a  and  b  shows  the  topography  image  and  corre¬ 
sponding  thermal  image  of  BST  sample  on  2  pm  x  2  pm  scanning 
area.  The  polycrystalline  film  is  relatively  smooth  with  root  mean 
square  roughness  (rms)  values  of  about  9  nm.  Interestingly,  most 
BST  grains  exhibit  darker  contrast  in  Fig.  2b,  indicating  lower 
thermal  conductivity,  whereas  grain  boundaries  have  relatively 
higher  thermal  conductivity. 

Using  the  3<w-technique,  we  hereby  measure  local  U3co  signals 
at  different  excitation  modulation  frequencies  (f).  Local  U3co  signals 
of  BST  thin  films  in  the  frequency  range  from  140  Hz  to  460  Hz  are 


Fig.  1.  Schematic  set-up  of  the  scanning  thermoelectric  microscopy. 
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given  in  Fig.  2c,  in  which  the  lateral  axis  is  the  logarithm  of  angular 
frequency  (co=2nf).  According  to  the  principle  of  3cu-technique, 
cu-pulsation  will  excite  a  3cu-signal  component  of  the  output 
voltage  of  the  Wheatstone  bridge,  which  can  be  expressed  bylBool 
vv01SdiL^l%i(^AI/)mlK0oi2 )At4ffidIRcdjERIjidfctivity  of  the  sample,  R  (£2)  the 
electrical  resistance,  T  (°I<)  the  temperature,  l  the  thermal  probe 
length,  dR/dT  is  the  corresponding  differential  coefficient.  It  can  be 
found  that  there  is  a  linear  proportionality  between  the  local  3 co- 
signal  and  In  {co).  Such  linear  proportional  relation  can  be  ob¬ 
served  from  the  fitted  lines  for  BST  thin  films  in  Fig.  2c. 

The  near-field  thermal  model  proposed  by  Altes  et  al.  [16]  was 
adopted  in  the  present  work  to  calculate  the  local  A  values.  For  the 
specimen  with  low  thermal  conductivity  ( A  <  10  W/m  K),  the 
general  term  can  be  expressed  asU3rol-U3Go2hi((jol)-hi(cD2)=kl7 
wlhfere  the  coefficients  /<i  and  k2  can  be  obtained  by  two  reference 
samples.  Two  glass  specimens  (glass-I  and  glass-II)  were  used  in 
this  work  for  reference  samples.  Glass-I  was  an  MgO-Al203- 
Si02-Ti02  system  glass  with  thermal  conductivity  of  2  W/m  K, 
while  Glass-II  was  a  normal  glass  provided  by  Samsung  Corning 
Co.  Ltd.,  with  thermal  conductivity  of  0.8  W/m  K.  Both  reference 
samples  were  polished  to  optical  grade  with  a  thickness  of  2  mm. 
Within  the  experimental  frequency  range,  the  local  3cu-signals  of 
the  reference  samples  exhibit  the  same  variation  trend  with  the 
BST  films,  as  shown  in  Fig.  2c.  Based  on  Eq.  (2)  and  with  a 
combination  of  the  related  data  of  two  reference  samples,  the 
local  thermal  conductivity  for  BST  thin  films  was  calculated  to  be 
1.66  W/m  K,  which  is  in  good  accordance  with  the  macroscopic 
value  (1.7  W/m  I<)  [17]. 

In  STeM,  the  3 go  method  uses  a  narrow  metal  as  a  heater  and 
thermal  probe,  which  passes  through  a  current  with  an  angle 
frequency  of  co.  The  resulting  periodic  heat  generation  of  the 
narrow  meter  due  to  the  Joule  effect  which  is  proportional  to  the 
square  of  the  current,  can  be  expressed  byP(t)=l/2R(t)I02[l-cos 
(2o)t^nce  the  heating  power  on  the  sample  is  varied  with  the 
angle  frequency  2 co.  The  temperature  fluctuation  of  the  sample 
can  be  determined  by  the  resistance  change  of  the  narrow  metal, 
which  is  proportional  to  the  heating  power  with  the  angle  fre¬ 
quency  2 co.  It  should  be  noticed  that  the  temperature  oscillation  of 
the  films  includes  the  heat  generated  by  either  Joule  effect  or 
Peltier  effect  (contains  the  component  of  co),  herein  the  Joule  effect 
is  dominant  over  the  Peltier  effect  by  about  two  orders  of  mag¬ 
nitude  [10,18].  Thus  the  propagation  of  the  2 co  temperature  fluc¬ 
tuation  can  give  rise  to  the  Seebeck  effect,  namely  an  in-plane  2 co 
voltage  fluctuation  signal  will  be  generated.  Consequently,  the 
analysis  of  2 co  component  of  the  Seebeck  voltage  signal  would 
facilitate  to  acquire  the  isolated  material  specific  thermoelectric 
properties. 

Fig.  3a  and  b  shows  the  topography  image  and  corresponding 
thermoelectric  image  of  the  BST  sample  on  2  pm  x  2  pm  scanning 
area.  The  thermoelectric  image  in  Fig.  3b  was  obtained  with  re¬ 
ference  modulation  frequency  at  200  Hz  as  described  previously. 
In  spite  of  the  influence  from  local  morphology,  the  contrast  of 
thermoelectric  image  was  expected  to  reflect  the  discrimination  of 
local  Seebeck  coefficient.  It  is  reasonable  to  deduce  that  brighter 
contrast  area  in  thermoelectric  image  represents  the  local  struc¬ 
ture  with  higher  Seebeck  coefficient  since  the  larger  Seebeck 
voltage  output  caused  by  the  carrier  transport  under  temperature 
potential  in  imaging  procedure.  The  in-situ  line  scan  signals  of 
Fig.  3a  and  b  are  given  in  Fig.  3c.  The  distribution  of  thermoelectric 
signal  shows  significantly  independent  variation  comparing  with 
the  topographic  fluctuation,  revealing  local  inhomogeneity  of 
Seebeck  coefficient  in  BST  films,  which  is  tightly  related  to  the 
local  carrier  concentration  distribution  of  such  A2B3  compounds 
[19]. 

For  the  further  investigation  of  thermoelectric  properties  on 
nanoscale,  local  thermoelectric  behavior  of  BST  thin  films  is 


a  b 


Fig.  3.  Topography  image  (a)  and  its  in-situ  thermoelectric  image  (b)  of  BST  sample 
(c)  line  scan  image  of  topographic  (a)  and  thermoelectric  (b)  signal. 


investigated.  Fig.  4a  shows  the  relationship  between  the  Seebeck 
signal  Useebeck  and  the  effective  input  excitation  voltage,  a  non¬ 
linear  dependence  is  revealed.  The  probe  resistance  which  was 
obtained  by  balancing  the  Wheatstone  bridge,  also  increased  with 
the  increasing  input  power,  corresponding  to  the  positive  tem¬ 
perature  coefficient  of  the  Pt/Rd  probe  (insert  of  Fig.  4a).  The  value 
of  the  Seebeck  voltage  rises  more  rapidly  at  higher  input  voltage, 
which  might  be  caused  by  the  nonlinear  probe  temperature  var¬ 
iation  versus  the  input  voltage,  as  shown  in  Fig.  4b.  The  modula¬ 
tion  of  excitation  voltage  can  give  rise  to  a  temperature  difference 
of  approximately  20  °C  at  the  thermal  probe.  Fig.  4c  shows  the 
Seebeck  voltages  and  its  variation  with  ATprobe,  indicating  a  po¬ 
sitive  value  of  Seebeck  coefficient,  which  is  expected  for  BST  films 
with  a  p-type  conduction.  In  the  A2B3  compounds,  the  conduction 
mechanism  (p  or  n  type)  is  determined  by  the  type  of  the  domi¬ 
nant  carrier.  In  (BixSbi_x)2Te3,  both  Sb  and  Bi  have  the  same  trend 
of  forming  SbTe  and  BiTe  antisites,  which  would  serve  as  acceptors 
and  cause  p-type  conduction  behavior  [20].  It  is  noted  that 
quantitatively  thermoelectric  characterization  is  a  dynamic  pro¬ 
cess  with  continuous  thermoelectric  interaction  between  the 
thermal  tip  and  the  sample  surface.  The  effective  thermal  ex¬ 
change  radius  rth  would  essentially  determine  the  precision  of  the 
results.  Several  investigations  have  been  devoted  to  estimating  the 
effective  thermal  exchange  radius  of  the  Wollaston  thermal  tip  by 
different  theoretical  models,  the  rth  at  the  value  ranging  from 
200  nm  to  2  pm  were  reported,  and  is  generally  thought  to  be 
around  1  pm,  meaning  that  the  thermoelectric  behavior  exhibited 
in  Fig.  2  reflected  the  local  characteristic  within  the  small  area  of 
effective  thermoelectric  interaction  range  [12,21].  Although  the 
local  thermoelectric  response  of  BST  thin  films  exhibiting  re¬ 
markable  stability  in  our  study  (Fig.  4d),  more  efforts  have  been 
paid  on  the  improvement  of  scanning  probe  thermoelectric  tech¬ 
niques  in  the  further  investigation  in  order  to  get  a  deep  insight  in 
to  the  local  properties  of  such  kind  of  thermoelectric  thin  films. 


4.  Conclusion 

In  summary,  nanoscale  thermoelectric  behavior  of  (Bi,Sb)2Te3 
thin  films  was  investigated  by  scanning  thermoelectric  microscopy 
developed  based  on  commercial  atomic  force  microscope.  Local 
thermal  conductivities  are  characterized  quantitatively  and  quali¬ 
tatively  via  3cu-method.  Nanoscale  thermoelectric  images  are 
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Fig.  4.  (a)  Seebeck  voltage  of  BST  plotted  as  a  function  of  exciting  voltage,  insert  of  (a)  is  the  variation  of  probe  resistance  versus  the  exciting  voltage,  (b)  Temperature  rise  of 
thermal  probe  plotted  as  a  function  of  exciting  voltage,  insert  of  (b)  is  the  increase  of  probe  voltage  versus  the  exciting  voltage,  (c)  Seebeck  voltage  of  the  sample  plotted  as  a 
function  of  the  probe  temperature  rise,  insert  of  (c)  shows  the  time  stability  of  the  probe-sample  system. 


firstly  obtained,  reflecting  inhomogeneous  distribution  of  local 
Seebeck  coefficient  in  the  BST  material.  Positive  thermoelectric 
response  corresponding  to  p-type  conduction  within  BST  films  is 
observed  by  the  modulation  of  temperature  difference  between 
thermal  tip  and  sample.  The  results  show  that  STeM  is  a  promising 
tool  for  qualitative  and  quantitative  thermal  characterization  in 
thermoelectric  materials  on  sub-micrometer  or  even  nanometer 
scale. 
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